Background Timely, accurate diagnosis of pancreatic adenocarcinoma (PA) is hampered by the lack of effective circulating biomarkers. No single test has emerged that improves upon the commonly used biomarker cancer antigen 19-9 (CA 19-9) to discriminate PA from benign conditions effectively. The goals of this study were to validate two acute-phase proteins, haptoglobin and serum amyloid A (SAA), as biomarkers for PA and determine if the combination of haptoglobin, SAA, and CA 19-9 would improve PA diagnosis over CA 19-9 alone. Methods Levels of haptoglobin, SAA, and CA 19-9 were measured in pretreatment sera from 75 PA patients, 32 patients with chronic pancreatitis, 42 patients with other benign pancreatic disease or biliary stricture, and 150 healthy control subjects by enzyme-linked immunosorbent assay or colorimetric binding assay. Relative levels of haptoglobin or SAA were compared between groups using analysis of variance. The diagnostic accuracy of serum haptoglobin and SAA levels were investigated using receiver operating characteristics (ROC) analysis. Using classification tree analysis, an algorithm was developed that used haptoglobin, SAA, and CA 19-9 in a diagnostic screening panel.
healthy control subjects by enzyme-linked immunosorbent assay or colorimetric binding assay. Relative levels of haptoglobin or SAA were compared between groups using analysis of variance. The diagnostic accuracy of serum haptoglobin and SAA levels were investigated using receiver operating characteristics (ROC) analysis. Using classification tree analysis, an algorithm was developed that used haptoglobin, SAA, and CA 19-9 in a diagnostic screening panel.
Results Both haptoglobin and SAA were significantly elevated in sera from PA patients compared to healthy control subjects (p \ 0.0001) and patients with chronic pancreatitis (p = 0.01). Haptoglobin was significantly elevated in sera from PA patients relative to patients with other benign diseases (p = 0.0015), whereas SAA fell short of significance in the same comparison (p = 0.0508). ROC analysis indicated that haptoglobin [area under the curve (AUC) = 0.792] was a better diagnostic marker than SAA (AUC = 0.691) over multiple threshold cutoffs. Using specific cutoffs that minimized overall misclassification, haptoglobin yielded a sensitivity of 82.7% and a specificity of 71.1%, and SAA yielded a sensitivity of 34.7% and a specificity of 90.2% when discriminating PA cases from all non-PA controls. In the same sample set, CA 19-9 yielded a sensitivity of 77.3% and a specificity of 91.1%. Combining data from haptoglobin, SAA, and CA 19-9 in a diagnostic screening panel improved the overall accuracy when compared to CA 19-9 alone, yielding a sensitivity of 81.3% and a specificity of 95.5%. Conclusions These data demonstrate that haptoglobin and SAA are useful for discriminating PA from benign conditions as well as healthy controls when used in a diagnostic screening panel. This study supports the use of combined biomarkers for improved accuracy in the diagnosis of PA.
Introduction
Adenocarcinoma of the pancreas is the fourth most common cause of cancer deaths in both men and women in the United States. The 5-year survival rate is about 4%, which is the lowest of any cancer. Median survival is 6 months. It is estimated that 37,680 new cases and 34,290 deaths will be attributable to pancreatic adenocarcinoma (PA) in 2008 [1] . The high mortality rate is largely due to the typically advanced stage of the cancer at the time of diagnosis and treatment. Resection is the only current treatment resulting in cure for PA. However, due to the initiation and progression of this cancer without symptoms, only about 10% to 15% of patients present with localized disease amenable to potentially curative resection.
An accurate, minimally invasive blood test that could be routinely employed to screen for PA would possibly increase detection at a stage amenable to resection and thus improve survival rates. Cancer antigen 19-9 (CA 19-9) is the marker most widely used clinically but falls short of the desired characteristics for diagnosis of PA. CA 19-9 is elevated in approximately 75% of patients with PA [2, 3] , with reported sensitivities ranging from 70% to 90% and specificities ranging from 68% to 91% [4] . However, patients with tumors \ 2 cm may have undetectable levels of CA 19-9, and it is estimated that 15% of the population cannot synthesize CA 19-9. Moreover, CA 19-9 is elevated in patients with chronic pancreatitis and jaundiced patients including those with nonmalignant causes of biliary obstruction [5, 6] . For these reasons, CA 19-9 is generally employed to monitor PA disease progression and response to therapy in individual cases rather than as a diagnostic tool.
Improved diagnostic accuracy over CA 19-9 alone and the ability to discriminate between PA and pancreatitis have become the minimal benchmarks for validation of novel serum biomarkers. The ability to distinguish pancreatitis from PA is a persistent clinical challenge as these conditions can present with similar symptoms and share radiographic characteristics. Histologically, both chronic pancreatitis and PA are characterized by fibrosis and desmoplasia. Furthermore, the pancreatic duct obstruction common in PA often leads to an accompanying chronic pancreatitis, confounding diagnosis by fine-needle aspiration (FNA) biopsy. For patients who present with suspicion of PA, accurate diagnosis is important to avoid unnecessary and potentially morbid treatment triggered by false-positive studies.
Recent studies have identified several promising candidate PA serum biomarkers that successfully discriminated between PA and healthy control subjects [7] [8] [9] [10] [11] [12] [13] [14] [15] , although no individual marker improved upon CA 19-9 and effectively discriminated benign conditions. We hypothesize that combinations of markers in a screening panel may have increased power compared to any single marker alone for accurately diagnosing PA. Single markers may correctly identify a subset of PA subjects, perhaps correlating with a specific functional consequence of the individual development of the tumor, whereas other markers might identify another, overlapping subset. With sufficient overlap, a panel of markers may provide increased accuracy over the individual markers. This idea is supported by a study in which a panel screen of three markers-CA 19-9, carcinoembyonic antigen (CEA), and tissue inhibitor of metalloproteinases (TIMP1)-improved diagnostic accuracy compared to the individual markers [16] .
Serum levels of the acute-phase proteins haptoglobin and serum amyloid A (SAA) are elevated in various malignancies [17] [18] [19] [20] [21] [22] [23] [24] [25] including PA [26] [27] [28] [29] . The goals of this project were to (1) investigate the potential clinical utility of haptoglobin and SAA for detecting PA and (2) assess the relative accuracy of haptoglobin, SAA, and CA 19-9 when applied in a screening panel for distinguishing patients with PA from those with benign conditions as well as healthy control subjects.
Materials and methods

Study participants
Consecutive patients with periampullary disease referred because of suspicion of PA and possible surgical resection were approached for enlistment over a 2-year period. The patients with a confirmed diagnosis of pancreatic adenocarcinoma were enrolled in this study. The diagnosis was considered confirmed only if it was verified histologically from surgical specimens or cytological evaluations of FNA biopsy specimens. Other patients with benign conditions (chronic pancreatitis, benign pancreatic neoplasm, serous cystadenoma, benign biliary stricture) were included in this study as controls. Additional age-and sex-matched controls were obtained from two sources. First, family members of the index patients were approached and screened. Those with confounding co-morbidities were excluded. In addition, excess sera from de-identified healthy controls were obtained from a large reference laboratory managed by the University of Utah Department of Pathology. Sample numbers and participant characteristics are shown in Serum marker determination Approximately 6 ml of whole blood was collected in a redcap (no additive) blood collection tube (BD Vacutainer Systems, Franklin Lakes, NJ, USA). Blood was allowed to clot at room temperature for 45 minutes, after which the serum was separated by centrifugation at 3000 9 g for 10 minutes. Serum was aspirated, aliquoted into cryotubes, and stored at -80°C until used for assays. Haptoglobin was determined using a 96-well format colorimetric assay (Haptoglobin Assay Kit; BioSource International, Camarillo, CA, USA), which takes advantage of the peroxidase activity of heme at low pH when hemoglobin is bound to haptoglobin. Enzyme-linked immunosorbent assay (ELISA) kits were used to measure SAA (BioSource International) and CA 19-9 (Diagnostic Automation, Calabasas, CA, USA). All three assays were performed according to the manufacturers' recommendations. Samples that fell outside the linear detection range of the standard curves were diluted and remeasured. Both the haptoglobin and SAA kits were nonspecific in that they measured the total amount of each protein present rather than subtypes. Serum total bilirubin levels were obtained from the patients' charts.
Data analysis
Comparisons of serum haptoglobin and SAA levels between groups were performed using analysis of variance (ANOVA). We additionally used linear models to test the possible interaction of age, sex, and serum marker levels as predictors. Subsequent logistic regression models were developed using PA as the response and serum marker levels as the predictors to identify odds ratios for the diagnosis of PA. These models were adjusted for age and sex as necessary. Receiver operating characteristic (ROC) analysis was used to investigate the sensitivity and specificity of haptoglobin and SAA as separate diagnostic tests for PA. Optimal cutoffs for individual or combined markers that minimized misclassification were determined using classification tree analysis. For combined marker analyses, classification trees were limited to a single threshold cutoff for each marker. Survival analysis was performed using a Cox model and log-rank tests using both the marker cut at the median and continuous marker levels as predictors. StatXact (Cytel, Cambridge, MA, USA) or Statistica (StatSoft, Tulsa, OK, USA) software were used for statistical analyses. ROC and classification tree analyses were carried out using programs in the R programming environment (http://www.R-project.org).
Results
Serum levels of haptoglobin and SAA were determined in pretreatment samples from 75 subjects with confirmed PA, 32 patients with chronic pancreatitis, 42 patients with other benign disease (benign pancreatic neoplasm, serous cystadenoma, benign biliary stricture), and 150 healthy control subjects. The latter subjects were chosen such that two sexmatched and age-approximated cases were measured for each PA case. Characteristics of the study participants are presented in Table 1 . Both haptoglobin and SAA were significantly elevated in serum from PA subjects (Fig. 1) . Haptoglobin (Fig. 1a) was significantly elevated in the serum of PA subjects relative to the serum from healthy controls (p \ 0.0001), serum from chronic pancreatitis subjects (p = 0.0102), and serum from patients with other benign disorders (p = 0.0015). Serum haptoglobin levels were significantly higher in PA subjects with locally advanced or metastatic disease relative to PA subjects with disease localized to the pancreas (p = 0.003, data not shown) suggesting that serum haptoglobin levels increased with increasing tumor burden. Logistic regression models, adjusted for age and sex, revealed that the odds that haptoglobin predicts PA versus noncancer controls were increased 6.2-fold for a 1 SD increase in haptoglobin (p \ 0.0001). SAA (Fig. 1b) was significantly elevated in serum of PA subjects relative to both normal control serum (p \ 0.0001) and serum from chronic pancreatitis subjects (p = 0.0109); and it approached significance compared to cases with other benign disorders (p = 0.0508). Serum SAA levels were not significantly different in PA subjects with localized versus advanced disease (data not shown). A 1 SD increase in log SAA levels was associated with a 3.6-fold increase in the odds of PA in an age-and sex-corrected logistic regression model (p \ 0.0001). Pretreatment serum haptoglobin and SAA levels did not significantly correlate with survival in PA subjects, although a trend toward significance was noted in which increased SAA was associated with decreased survival (data not shown). Because pancreatic cancer is often associated with jaundice, we also examined the possibility that bilirubin levels could explain increased serum marker levels in PA subjects. Linear regression models revealed no apparent relation between bilirubin and haptoglobin (p = 0.356) or SAA (p = 0.731) serum levels in pretreatment samples.
The ROC curve analyses were used to investigate the sensitivity and specificity of haptoglobin and SAA as separate diagnostic tests for PA. Figure 2 depicts haptoglobin and SAA ROC curves for the discrimination of PA subjects prior to treatment (true positive cases) and non-PA control subjects, including normal controls as well as those with chronic pancreatitis, benign neoplasms, and other benign periampullary lesions (true negative cases). ROC analysis estimates a curve, which describes the inherent tradeoff between sensitivity and specificity of a diagnostic test. Each point on the ROC curve is associated with a specific diagnostic criterion. If two ROC curves do not cross, the diagnostic test corresponding to the higher of the two curves is uniformly better than the diagnostic test corresponding to the lower of the two curves, no matter what ''cutoff'' is chosen. The situation is more ambiguous if the ROC curves cross, as is the case for haptoglobin and SAA (Fig. 2) . The area under the ROC curve (AUC) may be regarded as an average of the sensitivity over all possible specificities. The diagnostic measure with the higher AUC is therefore typically regarded as better. Thus, haptoglobin (AUC = 0.792) had greater accuracy than SAA (AUC = 0.691) over all possible cutoffs. Using classification tree analysis, single cutoffs were identified for haptoglobin (2687 lg/ml) and SAA (67.745 lg/ml) that minimized overall misclassification. These cutoffs yielded a sensitivity of 82.7 % and a specificity of 71.1% for haptoglobin and a sensitivity of 34.7% and specificity of 90.2% for SAA when considering PA as true-positive cases and all non-PA controls as true-negative cases.
As individual markers, haptoglobin and SAA were less accurate than CA 19-9 for diagnosing PA versus noncancer controls. However, at the commonly used cutoff of 37 U/ ml, CA 19-9 still misclassified 37 of 299 cases examined (Table 2) . We explored the possibility that combining haptoglobin and SAA with CA 19-9 in a diagnostic screening panel could improve classification. Haptoglobin, SAA, and CA 19-9 serum levels from PA patients (truepositive cases) and patients with chronic pancreatitis, benign neoplasms, or other benign periampullary lesions (true-negative cases) were used in a classification tree analysis with the stipulation that each marker be used only once. Marker levels from healthy controls were excluded from this tree analysis as these cases are much less likely to present with suspicion of PA. Thus, the resulting tree ( Fig. 3) represents an algorithm for distinguishing PA from the benign conditions. The accuracy of this algorithm for distinguishing PA from the individual classes as well as from all controls as a group is shown in Table 2 . In each case, the panel screen incorporating information from all three markers improved overall diagnostic accuracy over CA 19-9 alone. Except for the chronic pancreatitis group, the screening panel improved both sensitivity and specificity for discriminating PA from control groups. Fig. 2 Receiver operator characteristic curves for diagnosis of pancreatic adenocarcinoma versus noncancer cases. Curves demonstrate the relative accuracy for the individual serum haptoglobin or serum amyloid A (SAA) levels to discriminate between PA and control cases. Serum levels of healthy control subjects (n = 150), patients with chronic pancreatitis (n = 32), and patients with benign neoplasm or other periampullary lesions (n = 42) were considered true-negative cases, whereas serum levels of pretreatment samples from patients with cytologically confirmed PA (n = 75) were considered true-positive cases. AUC: area under the curve Data are presented as a percentage. The number of accurate determinations of PA (sensitivity) or controls (specificity) per total possible cases is given in parentheses Misclassification error rate: percentage and, in parentheses, the total number of inaccurate determinations per total number of cases examined a Threshold cutoff of 37 U/ml b Panel algorithm derived by classification tree analysis using serum from benign neoplasms and chronic pancreatitis cases as true negatives (Fig. 3 ) Fig. 3 Classification tree for discriminating pancreatic adenocarcinoma (PA, n = 75) from other periampullary lesions (CON, n = 74). Healthy control cases were excluded from this analysis. The tree depicts an algorithm derived to minimize misclassification when all three markers were considered. The specific threshold cutoffs used in the algorithm for the individual markers are given in parentheses
Discussion
Accurate diagnostic and prognostic biomarkers for PA could improve outcomes through early detection, selection of appropriate treatment strategies, monitoring intervention efficacy, and surveillance of groups at high risk for developing PA. Despite multiple reports of candidate biomarkers, none has emerged that improves upon existing markers. It is tempting to speculate that the lack of a single marker that can be applied to all PA cases might be due to the multiple mutation combinations that contribute to the transformed phenotype in the context of various environmental and genetic effectors. Because the complement of proteins and antigens produced by tumor cells would reflect the specific altered program resulting from various mutation combinations, a single common marker may be unlikely. Individual markers may correctly identify a subset of PA cases but appear to have insufficient specificity and sensitivity when applied to aggregate data sets. Overlapping classification capabilities of individual markers, when combined in a panel screen, could provide increased accuracy over the individual markers. This idea is supported by the fact that several markers [10, 12, 16] , including SAA [27] , successfully identified PA cases that were misclassified by CA 19-9 alone. Similarly, in the data presented here, haptoglobin and SAA correctly identified cases that were misidentified by CA 19-9. Furthermore, the combination of the three markers in a screening panel resulted in further improvement of the accuracy (Table 2) . These results suggest that more accurate screens can be developed from the combination of markers. Both haptoglobin and SAA are acute-phase proteins whose concentrations increase during the acute-phase response to inflammation and tissue injury. It is generally accepted that the major function of haptoglobin is the clearance of free plasma hemoglobin [30, 31] ; however, haptoglobin has also been shown to have angiogenic [32] and antioxidant [33] properties and is an essential factor for cell migration [34] . Several functions have been proposed for SAA, including lipid metabolism and transport, induction of extracellular matrix (ECM) degrading enzymes, and recruitment of inflammatory cells to sites of inflammation [35] . Although synthesized mainly in the liver, local differential expression of haptoglobin and SAA has been demonstrated in cancer tissues [36] [37] [38] . Expression in cancer cells as well as potential roles in angiogenesis, cell migration, and ECM remodeling suggests that haptoglobin and SAA may directly contribute to tumorigenesis.
Previous studies have shown that haptoglobin and SAA are elevated in PA and other cancers [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . It is not clear if the tumor contributes to elevated serum levels, but it seems likely that a sustained acute-phase response to tumor-induced injury is the main source of haptoglobin and SAA in serum. Because serum levels of acute-phase proteins are elevated in other conditions involving inflammation, it has been argued that the nonspecific nature of the acute-phase response makes haptoglobin and SAA unsuitable for PA biomarkers [27] [28] [29] . Indeed, our data indicate that haptoglobin was significantly elevated in serum from patients with chronic pancreatitis and other benign conditions. Although mean serum levels of both haptoglobin and SAA were further elevated in PA cases, the overlap between the groups, including healthy controls, makes application of the individual biomarkers to individual patients problematic in that some patients would have serum levels below the mean for control groups. The same problem would occur for any biomarker whose measurements do not fully distinguish between/among groups. Such markers are still suitable for inclusion in a panel screen, however, so long as the marker contributes to classification by successfully identifying a subset of cases.
We have developed an algorithm that involves the sequential application of single marker splits that minimize misclassification at each step. Such an approach provides an intuitive method for combining aggregate data from multiple markers that can be applied to individual cases. The specific algorithm awaits validation in a larger data set, and its usefulness for early detection is still unproven. However, our results indicate that inclusion of haptoglobin, SAA, and CA 19-9 in a panel screen may be useful for diagnosis, particularly in patients presenting with suspicion of PA.
